20 The plants that lost the ability to photosynthesis (heterotrophic) are characterized by a number of 21 changes at all levels of organization -morphological, physiological and genomic. Heterotrophic 22 plants divide into two large categories -parasitic and mycoheterotrophic. The question of to 23 what extent these changes are similar in these two categories is still open. Plastid genomes of 24 non-photosynthetic plants are well characterized and they demonstrate similar patterns of 25 reduction in both groups. In contrast, little is known about mitochondrial genomes of 26 mycoheterotrophic plants. We report the structure of the mitochondrial genome of Hypopitys 27 monotropa, a mycoheterotrophic member of Ericaceae, and the expression of mitochondrial 28 genes. In contrast to its highly reduced plastid genome, the mitochondrial genome of H. 29 monotropa is larger than that of its photosynthetic relative Vaccinium macrocarpon, its complete 30 size is ~810 Kbp. We found an unusually long repeat-rich structure of the genome that suggests 31 the existence of linear fragments. Despite this unique feature, the gene content of the H. 32 monotropa mitogenome is typical of flowering plants. No acceleration of substitution rates is 33 observed in mitochondrial genes, in contrast to previous observations on parasitic non-34 photosynthetic plants. Transcriptome sequencing revealed trans-splicing of several genes and 35 RNA editing in 33 genes of 38. Notably, we did not find any traces of horizontal gene transfer 36 from fungi, in contrast to plant parasites which extensively integrate genetic material from their 37 hosts. 38 Introduction 39 A
Hypopitys monotropa (Ericacae, Monotropoideae) is a non-photosynthetic plant gaining carbon 40 from fungi that are ectomycorrhizal with tree roots (Bjorkman, 1960) . In contrast to most other 41 mycoheterotrophic plants, which are very rare and/or very narrowly distributed, 42
Monotropoideae, including H. monotropa, are quite widespread, being associated with old-43 growth conifer forests. Thus, H. monotropa is used as a model system in studies of plant-44 mycorrhizal associations and developmental biology of mycoheterotrophic plants (e.g. (Olson, 45 1993 (Olson, 45 , 1990 In contrast to animals, where mitochondrial genomes are usually conserved in size and gene 52 content across large taxonomic groups, in plants they are highly variable and may be very 53 dissimilar even in closely related species. The size of the angiosperm mitogenome is ranging 54 from 66 Kb in the hemiparasitic mistletoe Viscum scurruloideum (Skippington et al., 2015) , 222 55
Kb in autotrophic Brassica napus (Handa, 2003) to more than 11 Mb in Silene noctiflora (Sloan 56 et al., 2012) . Despite their large sizes, the mitogenome gene content is rather stable. The number 57 of genes is usually within the range between 50 and 60, encoding subunits of the oxidative 58 phosphorylation chain complexes and proteins involved in the biogenesis of these complexes, as 59 well as several ribosomal proteins (Gualberto et al., 2014), 15-21 tRNA genes and 3 rRNA (18S, 60 26S, 5S). 61
Non-photosynthetic plants divide into two large groups-those that are parasitic on other plants 62 and mycoheterotropic. By now only few complete mitochondrial genomes of non-photosynthetic 63 plants are characterized, and all but one of them are parasitic. A comparative analysis of 64 mitogenomes of several parasitic, hemiparasitic and autotrophic Orobanchaceae (Fan et al., 65 2016) showed that the gene content does not depend on trophic specialization in family range. 66 Mitogenomes of two non-related lineages of parasitic plants: Rafflesiaceae and Cynomoriaceae 67 also do not show reduction in gene content; besides that, they are the example of massive HGT 68 from other plants (including, but not only, their hosts). This is not, however, a trait unique for 69 parasitic plants-e.g. Amborella trichopoda, an autotrophic plant from basal angiosperms, has in 70 its mitochondrial genome a large fraction acquired from green algae, mosses, and other 71
angiosperms The lower coverage of the smallest contig is presumably an artifact caused by its length. To 114 understand their order in a mitochondrial genome, we mapped mate-pair reads from the library 115 with the bigger insert size (8705±2537 bp) to the contigs and investigated mate-pair links. The 116 mapping was performed by CLC Genomics Workbench, 100% of a read' length was required to 117 align to a contig with a sequence similarity of 100%, to minimize the amount of incorrectly 118 mapped reads. Mate-pair links were visualized by Circos 0.67-5 (Krzywinski et al., 2009) and 119 investigated manually. In one contig mate-pair links spanned from its end to the start and thus 120 the contig corresponds to a circular chromosome. Other six contigs connect into a linear 121 sequence, with a structure described in the Results section. Gaps between the contigs were closed 122 by GapFiller (Boetzer and Pirovano, 2012) that was run with parameters -m 30 -o 2 -r 0.8 -n 50 -123 d 100000 -t 100 -g 0 -T 4 -i 100000. The source code of GapFiller was rewritten to allow it to 124 use Bowtie2 as the read mapper. To check whether the two chromosomes have been assembled 125 correctly, we mapped reads from all three sequencing libraries by CLC Genomics Workbench v. 126 7.5.1, requiring at least 90% of a read's length to align with at least 99% sequence similarity and 127 checked that the coverage is approximately uniform along the whole length of the chromosomes. 128 We found that the coverage gradually decreases on the edges of the linear chromosome, thus 129
indicating that different copies of the chromosome in a plant have different lengths of the 130 terminal regions. For definiteness, we elongated the terminal regions such that the coverage 131 drops to 0, thus the length of the linear chromosome approximately corresponds to the maximal 132 possible length among all copies of the chromosome in the sequenced plant. Also, we mapped 133 reads from the mate-pair library with the bigger insert size, requiring 100% of a read length to 134 align with a sequence similarity of 100%, and investigated a distribution of mean insert sizes 135 over each genomic position and a number of mate pairs than span over each position. These 136
values were approximately uniform along both chromosomes (Supplementary Figure S1 ), thus 137
suggesting that the assembly was correct. 138
2
.3. Mitogenome annotation 139
Initial annotation was performed using Mitofy (Alverson et al., 2010), with further manual 140 correction. To verify exon boundaries, we mapped RNA-seq reads by CLC Genomics 141
Workbench v. 7.5.1 to the sequences of the chromosomes, requiring at least 80% of a read's 142 length to map with at least 90% sequence similarity. The relaxed setting for a percent of read 143 length to be mapped allows mapping reads spanning the splice junctions and the relaxed setting 144 for sequence similarity allows mapping of reads to regions with a high density of RNA editing 145 sites. The alignment was visualized in CLC Genomics Workbench 7.5.1. 146
To check if there are any unnoticed protein-coding genes, we visually inspected the alignment to 147 search for unannotated regions in the chromosomes with high coverage by RNA-seq reads. 148
The search for genes encoding selenocysteine tRNAs (tRNA-Sec) was done for Hypopitys To obtain information on RNA editing sites, we artificially spliced gene sequences and mapped 155
RNA-seq reads to them with the parameters stated above for RNA-seq reads mapping. The 156 variant calling was performed by CLC Genomics Workbench 7.5.1. We considered a site in a 157 CDS as edited if it was covered by at least 20 reads and at least 10% of the reads differ in this 158 position from the genomic sequence. 159
To estimate the fraction of RNA editing sites that change amino acid sequence of corresponding 160 proteins, we use a measure that was already used in several previous studies (Chen, 2013 After scaffolding and gap filling these contigs were assembled in two sequences. GC content of 202 both sequences is ~ 45%. One of them is circular with a length of 106 Kb (Figure 1 ). It does not 203 have any long repeats; the mapping of mate-pair reads shows the absence of pairs with abnormal 204
insert sizes suggesting that this sequence is not a subject of recombination. The second fragment, 205 the longer one (Figure 1) , is ~704 Kbp long. It was assembled as linear and has a more complex 206 structure. In particular, it contains several long repeats. As shown in Figure 2 Figure S1 ). This suggests that copies of the mitogenome with different lengths 212 of this repeat coexist in plant cells. There are some mate-pair links between the two 213 chromosomes, which suggests that they may recombine. However, the coverage of the smaller 214 chromosome by mate-pair inserts (Supplementary Figure S1 ) has no sharp drops, therefore it is 215
unlikely that these chromosomes join frequently. 216
The circular chromosome contains only two full-length protein coding genes -ccmFc and cox1 217 and two exons of nad5 gene, while two other exons are located on linear fragment. Summary 218 data for the annotation is presented in Detailed data about genes, their intron-exon structure, expression and RNA-editing is presented 262
in Supplementary Table 1.  263 3
.2. Sequences transferred to the mitogenome 264
In the mitochondrial genome we found fragments with high similarity to plastid genes, both of 265 those that are present in the H. monotropa plastome (matK, rps2, rps4) and those that were lost 266 (rpoB, C1, C2, psbC, ndhJ, B, ycf2) ( Supplementary Table 2 In H. monotropa all sequences that originated from plastid protein-coding genes do not represent 277
intact ORFs, keeping in most cases less than 50% of the initial length and/or carrying multiple 278 frameshift mutations (Supplementary table 2) . 279
Mitochondrial gene expression and RNA editing 280
In order to gain insights into mitochondrial gene expression and RNA editing and to refine the 281 annotation we sequenced and assembled the transcriptome of H. 2012). One would hypothesize that that linear fragment could be the result of either a 324 contamination or HGT from fungi. However this is unlikely, for the following reasons: 1) DNA 325 was isolated from inflorescences while mycorrhiza exists only in roots; 2) all potential fungal 326 hosts of H. monotropa with a known mitogenome possess a circular chromosome and no linear 327 plasmids; 3) there are no fragments with similarity to known fungal genomes 4) all genes 328 annotated on the linear fragments are typical plant mitochondrial genes. The fact that single 329 circular molecule ("master circle") is an oversimplified representation of the plant mitochondrial 330 genomes and that they rather exist in vivo as a mix of circular, linear and branched forms is not 331 novel (see, e.g. (Sloan, 2013) ). However a circular structure can usually be observed at the level 332 of sequence assembly due to the presence of multiple repeats. This is not the case for H. 333
monotropa where internal repeats are also present but their location, as well as the distribution of 334 mate pair links does not allow to reconstitute the master circle (see Figure 2 ). This suggests that 335 the diversity of organization of plant mitochondrial genomes could be even greater than and functioning of such unusual mitogenome. The gene set is similar to that of autotrophic 399 plants. All protein-coding genes are expressed and for the most of them (33 out of 38) we found 400 editing of the transcripts. The intergenic regions of the mitogenome carry multiple sequences of 401 plastid origin, including those of photosynthesis-related genes that are absent in H. monotropa 402 plastome. We did not found neither any traces of HGT from fungal hosts in H. monotropa 403 mitogenome nor the increase of nucleotide substitution rates. These new data highlight the 404 contrast between mycoheterotrophic and parasitic plants and emphasize the need of the new 405 model objects representing mycoheterotrophic plants. 406
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